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ABSTRACT 

Charged  water  drops were suspended  in n nonuniform :LC. field and observed through  the microscope visually 
and  by high-speed photography.  Tho  initial drop sizc was approximately 100~. The  drop  shrank  by  cvnporation  and 
brcamc  unstnblc :It approximately 4 0 ~ .  T h c  cvaporstion of stable  drops  and the behavior of unstable  drops mere 
studied.  Thc  rates of changes of Inass and chnrgc wrrc  dctermincd at various  tcmperntures, and  thc  activation  cncrgy 
for  thc cv;tporntion was dctcrmincd. 

The csvidcncc indicates  t,hat  ions :trc c,jcctcd from :In lnxhhle drop, and that  :I burst of ions  occurs in  thc cvapor- 
:Ition of :I stnhlc drop Iutdrr thcsc condit,ions. Tho rrrnov:d  of w:rtrr moIecldcs from the  cvaporating  drop is not  rate- 
determining  under t h w c  conditions. Thc drop evaporated mpidly :it "26" C. and became  unstable  rcpcntcdly 
without frcezing. 

1. INTRODUCTION 

When a charged \\-titer drop evaporates  without loss o f  
c*hwge, it, eventu:dly becomes Imstable  with respect, t o  its 
sphericnl shape [ZO]. This occurs {vhen the  eiectrostatic 
surfnca energy esceeds the surface tension o f  the wnter. 
According t o  J. J .  Thomson,  tho  stability  criterion  is 

72" - 1 8rr3 (1) 
when y is the surface tension o f  wLtcr, (r the  charge,  and 
r the radius o f  the drop. It has been sllou~l theoreticnlly 
by Cahn [l] that nn unstable  drop  breaks up instnntly. 
The reason is that, n small  deformation caltses IL local 
increase in electrostntic  energF  relat.ive t o  the surfure 
tension m d  thereb?- enhances the  instability. Such IL 

cleformatiorl ma>- be caused by a weak electric field. 
Doyle,  lloffet,t,, and Vonnegnt, [2] reported  the  observation 
that' ti charged  water drop virtually explodes 11-hen it 
reaches  instability  and  then  ejects  small  charged  droplets. 
The,se remo\-e approximately % of the charge but ,  com- 
paratively  little mass from the  unstable  drop. A s  :I con- 
sequence, the  parent' drop becomes stable.  Further evapor- 
:tt,ion causes renewed instabilit,y. A large  number of suc- 
cessire  instabilities were observed.  Doyle, Moffett,, :md 
Vonnegut. could nct.udly see the eject'ed droplets  by 
scattered  light.  This  indicates that they were initially 
stsable. 

In order t o  st,ndy  these  phenoInent~, it is necessary to 
suspend the  drop so that it, can be observed over :I period 
of  time.  Doyle, Iloffett,  and Vonnegut. suspended  their 
drops in IL ttniform electric c1.c. field and observed them 
visually by scat,tered  light. 'J'his method  takes  considerable 
skill when using drops lnrge enough to be seen and nxoving 
rapidly  tmder  gravity, and the lack of restoring  forces 
makes  it. impossibIe t o  observe the drop through :t micro- 
scope. 

QZ 

In order  to  study  the behavior of charged drops  in 
detail, we have used suspension in  a  nonuniform a.c. 
field. This Inetthod provides the restoring forces required 
t o  hold the clrop in focus and in  t,he field of view of :L 
microscope. The observations were made  visually  and by 
high-speed photogmphy  through  the microscope. This 
technique  permits acc1wat.e measurement of t8he drop 
size from  the  image  and, since the charge to mass ratio 
mny be  determined  from the applied  voltage and t,he 
posit,ion of the  drop,  the  separate determinat.ion of size 
and charge as functJions of time during  the  evaporation. 
Furthermore,  the time  resolution given by high-speed 
photography  permits the observation of the  transient) 
behavior of unstable  drops, e.g. t,he eject,ion of droplet's. 

The behavior of the  unstable  drop  and  the  phenomena 
accompanying the  instability were the  primary  subject 
of study  in these invest.igat,ions. However,  in the course of 
the  esperiments it became  desirable to  study  the evapora- 
tion of the  stable  drop before it became  unstable,  partly 
because t,he experimental  technique  employed  permits 
the  study of details of the normal evaporation that  have 
not, been accessible with  ot,her  techniques used in the 
past. Such  details  are  revealed by  the tJime resolution and 
the  accurat,e drop size det,ermination of the phot.ographic 
technique. 

This  paper conta.ins a description of the  experimental 
technique and present,s some results  obtained. A more 
detailed present,at,ion of the  subject is given in  reports 
[17, 181 that  are available  npon  request'. 

2. SUSPENSION IN A NONUNIFORM A.C. FIELD 
The suspension chamber used in these  experiments is 

shown schemat'ically in figure 1. Two spheres are con- 
nected toget.her and to one  end of n transformer winding, 
the  other end being connected t,o ground. The two  spheres 
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FIGURE 1.-Thc snspcnsion chnmbrr. 

are  located at' the axis of t~ ground-connected  cylinder 
that has holes provided for  illnmination m d  observnt,ioIl 
and for introducing the drop. The trnnsfurnler is con- 
nected  to the 60-c.p.s. mains. 

The decisive features of this design are  that  it permits 
an  unobstructed view of the suspended  drop, and t,hat, it' 
permits a great deal of versatility  with re,spect t'o partricle 
size, method of int'roducing and producing charged par- 
ticles, and control of the at'mosphere and  the  temperatnre 
in the chamher. An empirical determin:bt,ion o f  the field 
distribution showed t~hat  the field is linear  over :L vertical 
range  t,hat is adequate for  t'he  purpose at  hand.  This 
subject is discussed later  on.  Other investigators have used 
other designs wit'h wider ranges of vertical and horizontal 
linearity. One such elect'rode configuration that)  has been 
ltsed by  Wuerker,  Shelton,  and  Langmuir [22]  is one o f  
hyperbolic surfaces. A simpler arrangement is one \\-it11 :L 
ring  instead of t,he c,ylinder in figure 1.  This design has 
been used by  Mr.  Roy Schaefer of Edgewood Arsenal. 
It has  the  disadvantage that  the ring obscures the  drop. 

It appears that  Straubel is t.he inventor of the non- 
uniform :LC. field tis a means for t'he suspension o f  c,harged 
particles. Straubel [21] also studied t.he changes in mass 
and charge of evaporating  drops as fnnctions of t,ime. 

The  requirements on  t,he field in our experiments are 
essentially as follows: (a) to keel) the drop on t~ vert,ical 
line in focus o f  the microscope, (b) to give i L  restoring 
vertical force so that,  the tlrol) mtty be caught, and sus- 
pended,  and (c) to give t L  vertical  suspending field  thtkt, 
permits  the  determination of t,he charge to mass rat,io, 
be it by calculation or by empirical calibrtkm o f  t,he 
field distribution. 

Figure 2 shows the vertical posit,ion of a drop as n 
function of tsime, the position being measured from a film 

I 

. I I  0 8 (I 

x n r  '"">< 

FIGURE 2.-vcrtical position of an  oscillnting drop  suspcndcd  in nn 
2.c.  field. Thc circles arc cnlcnlntcd  points for a sina wv,zvc of 
the same  nmplitudc. 

taken tit, 10,000 f.p.s.  at, IL total magnification of 210. 
The ~ ~ o i n t s  inserted  in figure 2 show :I sine fluxtion of the 
same alnplitnde  and  frequency. The actwd  motion deviat,es 
somen-hat. from the sine  function  with a preponderance 
o f  t'he second harmonic in tjhe  deviation. 

The  equation of vert'ical motlion of t.he charged drop 
under these condit,ions is 

mi+@i+mg=qE sin ut. (21 

With <=z-zo \ve have at small  values of < 
E=E( 2 0 )  + < "~ E( zo) 

b 
, dz 

b 
dz ( 8  1 

m ~ + ~ ~ + r n ! g = q ~ ~ ( z ~ )  sin ut+cc/ - I:'(zo) sin ut. (4) 

The exact solution of this equat,ion can  be expressed in 
terms o f  3ZrLt,hieu flmctions. The more general case \\-it11 
:I superposed d.c. voltage  applied between the t , w o  
spheres and  the cylinder has been treat-ed by several 
investigators, e.:., [le, 19, 221 on the assumpt,ion that 
the field is linear,  i.e., as given by formula (3). The 
actual  mot,ion, fignre 2 ,  s h o w  that  the Fourier expansion 
of the solnt.ion of the equation of mot.ion converges 
rapidly. To the first ttpproximntion 

and. 

z=z,+A sin (ut+cp)=zo+ill sin ut+Bl cos ut. (5) 

An analysis of the series sho\vs thrtt the error of this 
formnltt, as compared to the exact solution is less than 4 
percent llnder the conditions of our experiments,  most o f  
this  error  deriving from t,he neglect, of the second term  in 
the expansion. The values o f  zo and A can be expressed 
explicitly in terms of the  constants  in t,he equation of 
motion. The following notat,ions may be used for  shortness: 
The field constant a is defined by  the  formula 

E=aVz (6) 
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when V denotes the voltage  applied  between the spheres 
and the cylinder. The  damping  factor a is defined as 

P 
mw 

a="' 

I n  our experiments, using a  mater drop a t  60 c.p.s. in 
ambient  air, 

a= ( 8 )  
2.15x10-6 

e m .  

when the  drop  radius r is  measured  in  cm., or 

816 a=- e 
when t,he drop diameter d is  measured  in microns. For 
convenience we shall  put 

b= . qaV 
maz 

In  our experiment*s, b is approximately 
b = l  

3' 

The mlspension condition is  that 

+paVA,=rn~g 
so that. 

A -3. 
bw2 

The corresponding formulae for R, zo, and A are 

the midpoint,  i.e., 
*'I< - ZO 

or 

If this c,ondit,ion is violated, the vertical path of the drol) 
bends  sharply  into tt horizontal path tlt the  midpoint. 

Formulae (15) and (16) give 11 simple relation between 
A and zo, A' 

-=~=0 .0138  cn1.=138p (19) 
- 2 0  w- 

when g=981 cm./sec.? and ~ ~ = ( 1 2 0 7 r ) ~  are  insertfed. 
Figure 3 shows a plot, of observed vtllues of A and zo. 

The slope of the  line  through  the origin is 1 4 8 ~ .  Deduchg 
8 percent, in  order t o  correct, for tbe error caused by 
neglecting  higher terms  in  the  Fourier expansion the slope 

FIGURE 3."Observed  amplitude A o b s  plotted  against  mean  position 
zo for various  drops. The figures at   the points  give the  number of 
observations. 1 scale unit= 55.5 p. 

I 1 I I 

FIGURE 4.-Vcrtical position of an oscillating drop  suspended  in  an 
:I.c. field wit,h n d.c. field between t,hc spheres. 

3. EFFECT O F  A SUPERIMPOSED  D.C. FIELD 

When a d.c. voltage is applied  between  t,he  two  spheres, 
in  addition to the a x .  voltage  applied  between the 
spheres  and  t,he  cylinder, the motion of the suspended 
drop becomes modulated as shown in figure 4. 

The vert,ical field in this case is 

and  the equat,ion of motion  is 
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Since zo<O, the  force  constant of the linear  restoring 
force is positive 

-2pa'VaczO=mw~ (22) 

when v d c  has  the  polarity  required for lifting the drop.' 
Puttsing 

the  equation of motion  takes the form 

m ~ + ~ ~ + m ~ ~ ~ - - q a ' V ~ c t 2 + m ~ '  
=qaVuczo sin wt+qaVucf sin ut. (24) 

This  is  the  equation for the anharmonic oscillator. The 
modulation  has the frequency w,,. 

The modulation shown in figure 4 complicates the 
evaluation of the observed mot,ion, and a  d.c.  voltage was 
therefore not used in  such  experiments.  However, if the 
drop  is  lifted by a d.c. field to the  midpoint, it,  can  be held 
stationary,  without oscillation, since the vertical  a.c. 
field is zero a t  the midpoint.. Rs a consequence, pictures 
may  be  taken of the  drop a t  a much  greater magnification 
than is possible when t,he drop oscillates because the field 
of view must cover the oscillation in  the  latter case. 

4. EXPERIMENTS 
Two  types of experiments were conducted. In  one case 

t,he objective  was  a study of the  motion of the suspended 
drop, specially at  the instability. In  the other case the 
variations of mass and  charge  with  time were studied. 
The  same experimental setup was used in  both cases. It 
is shown  schematically  in  figure 5. 

The charged drops  are  injected  into  the  chamber through 
a hole at  45' to  the optical sxis. This is accomplished by 
pressing a rubber  bulb connected  to  a  syringe, the needle 
of which is  held at  a  positive d.c. potential of approxi- 
mately 3,500 v. A ring-shaped electrode  is placed close 
to the  tip of the needle and held a t  ground  potential. 
The charging of the  drop is effected by  the field between 
the needle and  the ring. The  same hole in  the  chamber 
is also used for visual observation of the  drop through  a 
microscope. 

The suspended drop is illuminated  by Koehler illumi- 
nation  and  projected  onto  the film of the camera  through 
a microscope a t  a  magnification of 15. 

No  camera  lens  was used. The camera is a  Beckman &- 
Whitley Dynafax  camera  for  up  to 35,000 f.p.s. 

As viewed in  the viewing microscope, the  drop  appears 
as a  vertical line, the  length of which is twice the ampli- 
tude A,  and  the  midpoint of which is at   the coordinate q,. 
Numerous  drops,  varying widely in  charge  to  mass  ratio, 
were suspended  in succession. They were held at  various 
levels q,, and  the corresponding  values of A were deter- 
mined. The results  are  plotted  in  figure 3. In  subsequent 
experiments the drops were held within the first linear 
range of this plot. 

In  order  to study tahe  motion of the drop,  the-drop was 
suspended a t  a  suitable  position,  and films were taken a t  

various  framing  rates. Figure 6 shows  a  plot of the vertical 
position of a stable  drop  as a  function of time. The  plot 
is  nearly  a  sine  wave with a gradual drift upwards as  the 
drop loses mass by evaporation.  Figure 7 shows a corre- 
sponding  plot for  an unstable  drop. I n  this  case the  drop 
suddenly moves downwards as a  result of a  sudden  loss 
of charge.  Numerous films of the  types shown in figures 
6 and 7 were taken,  and all  gave  very  similar  results. 

The dashed  curve in figure 7 is an  extrapolation of the 
curve  prior  to the  instability.  The  dashed  curve  may be 
said  to  represent the motion of the  same  drop if it had 
remained  stable. The difference between  t,he  dashed and 
the solid curves  shows the effect of t-he  instability. This 
difference is  plotted  in figure 8. The  drop moves  initially 
upwards and  then falls t,oward a new equilibrium  position 
according to  an exponential  decay  curve. The various 
deviat'ions from the exponential  curve are caused by  an 
increase  in the  amplitude  associated  with  t,he  instability, 
a detail  t.hat was not accounted  for when construct,ing the 
dashed  curve  in  figure 7. A corresponding  plot  is  shown 
in  figure 9 for t,he stable  drop  in figure 6. I n  this  case there 
is a sudden  motion  downwards, but  the initial  equilibrium 
position is  eventually recovered as a  result of evaporation. 

A sudden  change  in  mass  and  charge of a  suspended 
drop  changes its equation of motion  into 

The  path of the  drop  then  starts  to  deviate by an  amount 
x from the previous path.  Initially, when x and 2 are 
small, we have 

=,I aVz (y---) Ap Am sin w t .  (26) 
m 

The sign of x is  determined by  the signs of (Aplp-Am/m) 
and sin wt .  The  quantities p, m, a, and V are all positive, 
and z is negative. The sudden  changes  observed have all 
occurred with sin wt positive. Hence, 

2>0 if ---<O A* Am 
p m  

Ag Am 
q m  

x<O if --->O. 

Aq and Am are  both negative.  Hence, 

x>Oif ->- 1 . 7  121 

For  an  unstable  drop x>O, and  the  drop  thus loses 
relatively  more  charge  than mass. For a  stable  drop E<O, 
and  the  drop  thus loses relatively  more  mass  than  charge. 
The motion of the  stable  drop  thus  indicates  evaporation 
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FIGURE 5.-Experimental set up. 

FIGURE 7.--Vertical position of an unstable 40p drop  in  the  ax. 
field. 

npplied a.c. voltage was of the order of a few hundred 
volts. The voltage wns recorded by means of n linear 
Genernl Radio pot'entiometer that \\-as mounted  on  the 
shaft, of the Varinc and  that was connected  to a d.c. 
voltage. An Esterline-Angus  recorder was used. 

The drop diameter was measured by taking  inter- 
mittent  pl~ot~ogmphs of the drop. The time  was  marked 
on the  voltage record by n spike  produced by applying n 
d.c. 1)ulse. When these  photographs were taken, t'he  drop 
\\-as tempora,rily lifted to t,he  midpoint by means of a 
feu- volts d.c. applied  between the t8wo spheres. The 
horizont,nl R.C. field was t,hen  strong enough to hold the 
drop sharply  in  focus, while t,he  vertical a.c. field mas too 
weak to cause appreciable oscillation. As n consequence, 
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FIGURE 8.-Linearisation of the  plot in  figure 7. 

a high magnification, 22, could be used. The film was then ~ _ _  
projected  on a screen a t  a magnification of. 30. The total Iiul, 

magnification was thus 660. It is  estimated that  the no. 

error  in the measured  drop  diameter was less than 1 
percent. 3 

These  measurements were continued  until t,he drop 4 5 

became unstable. The instability was marked  by a spike 5 

on the record. I, 
FI 

Typical plot's of d2 and V:L3 as functions of time  are 
plotted  in figures 10 and 11. Both  plots  are linear. 

According to formula (12) , the charge y is proport,ional 

to (d3/V) q'1+a2. Plots of this quantity on the  data given 

in figures 10 and 11 are shown in figures 12 and 13. 
The result,s of a series of experiment,s are presented  in 

table 1.  The table gives t,he drop  radius T and t,he  drop 
charge y a t  the  instability  and  the rate of evaporation 
d+/dt and  the  time t from inserting t,he drop to its instabil- 
ity.  The field constant a was calculated  from  formula (12). 

In  another series of experiments  t'he d.c. voltage  required 
for holding the drop a t  the  midpoint was determined. 
The delay between the reading of t,he ax. voltage  and the 
exposure of the film for drop size measurement was too 
large for accurat,e  measurement of the corresponding a.c. 
voltage. Nevert,heless, the a.c. voltage is given together 

~. 

1 
30 40 50 60 70 un .. .-  -_  

rime (nsec. ) 

FIGURE 9.-Linearization of the plot in  figure 6. 

TABLE 1.-Data for evaporating  and  unstable  drops 

vnlurs arr givrn. The avcraEo value of a is a=4.&9XlW c.s.u./volt. l ) iw?wrdii lp this 
Notr: T h r  plot of d? against t for Run no. 5 is not linear. Two rxtremr rxtrapolatrd 

vslur. the avrragr valuc of a is n=4.4OX10-3 r.s.u./volt. 

TABLE 2.-Data .for  evaporating  and  wzstable  drops 

3.72XID-3 '2.2AX11F 

143 

1?4 
1 (r> 
104 

! l i  

Y4. 5 

with the dx.  voltage and  the  drop  diameter  in figure 14 for 
comparison. The  quantities calculated from t.he data 
obtained  are  listed  in  t8able 2. Plots of c13/Va, and &'/Vdc, 
which quantities  are approximately  proportional to p, 
are given in figure 15. 
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0 50 
t seconds 

Other  experimenh were conducted a t  controlled temper- 
atures and nt. n relative  humidity close to zero. A drop 
of room temperature was suspended a t  -26" C. in the 
chamber. It evaporated  to  approximately half its initial 
size without freezing and exploded aft,er some 30 sec. 
If the  heat of evaporttt,ion were all supplied by  the  water, 
i.e., if the  drop of room temperature  remained  above 
"26" C., the water  should have been cooled by some 
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FIGURE 14.-Plots of (drop  diameter)z (X) ,  (applied :LC. ~ o l t a g r ) ~ / ~  
(a), and (applied d.c. voltage)?/3 (+) :Lgainst timc. 

400" C .  The heat,  t,ransfer between the drop and  the  air 
was probably  very  rapid, :lnd it, may well be :IssuIned 
that  the drop had  the  temperature of the  air. 

The  activation energy for the  eraporntion n-as deter- 
mined by rate measurements at two temperat,ure,s, 2:1" 
and 0" C. The  relative  humidity of the air in the suspension 
chamber was held at  approximately zero b>- means of 
Drierite. The high temperature \\-as thnt of  the  ambient. 
The 1011. temperature WIS obtained by means o f  :I cooling 
coil around the suspension c-hamber. The  temperatures 
were measured with a mercury  thermometer. At the lo!\. 
temperature  the  hypodermic needle  lt-ils  cooled by holding 
n piece of ice against'  it.  The  water in the  syringe IWS not 
cooled. The effectiveness of the cooling is sho11-11 by the 
fact  that  then-ater occasionallyfroze f t t  the  tip o f  theneedle. 
Tt is  est,imated that  the  temperature of the drop injected 
in the suspension chamber w a s  :Ipproxim:ltely 1 " C.  
'I'ypic:d data  obtained a t  0" c'. itre plotted in figure 16. 
1he results of t,n-o  series of measurements wc. presented 
in  table 3. 

The average rates at, the two tempernt,ures inserted  in 
Clapeyron's  formula give an activation  energy o f  7 . 2  
kcal./mole. A s  already pointed out,  the most prohilble lo\\- 
temperature is 1" ritther  than 0" C. The most probable 
value of the  actirat,ion energy is wcordinglJ- 7.6  kcal./mole. 

Thousands of tmstable drops \\-ere obser\-ed in these 
experiments and :I great  mm?- films \\-ere taken,  hut in 
no  case could any  indication of ejected droplets be oh- 
served. This is in  remarkable contrast  to  the  observ '1 t' 1011s 

r i  

1,000 20,000 

500 10.000 

0 0 
50 100 

t seconds 
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FIGURE 16.-Typical plot's of drop  diameter and applied  voltage 
at 0" c. 

connected to an expansion chamber shown in figure 18. 
The wat'er level in t.he pressure chamber is lo\\-ered and that, 
in  the expnnsion chamber is raised by increasing tshe air 
pressure in t,he pressure chamber  by 100 mm. of mercury. 
The pressure is t.hen released through a solenoid valve and 
11 needle valve. The duration of the expansion is cont,rolled 
by sett,ing the needle valve. I t  n-as usually approximately 
4 sec. 

A drop WAS suspended and watched  through the micro- 
scvpe. Shortfly  after the first instability trhe solenoid v d r e  
was t,riggered, so that,  the expanison started  and super- 
saturat,ion \\-as created in tbe suspension chamber. This 
stnte cont,inued over the second instability. At, the second 
inst,nbility a burst of small  condensate  droplets \\-as ob- 
served.  These  observations were made in scattered  light' 
at 45' t o  the opt2ical p t , h .  Figure 19 is IL reproduction of R 

photo,waph t,nken ats R I ~  instability. The film \\-as exposed 
during  the durattion of t~he clond,  approximately 1 to 3 
sec . 

The instability produced a c0ndensat.e cloud onlj- when 
there were condensation nuclei present, in the air. When 
t.he nuclei were removed by  repented expnnsion, or by 
filtmt.ion of t'he laboratory air, there \\-as no condensate 
cloud prodrrced by the inst.nb2it-y. The nuclei gave con- 
densate  droplets of approximately 5 p  in diamekr.  The 

Vol. 95,  No. 12 

m i  t 

1 

/ 

FIGURE 17.-Sealcd suspension  chamber. 

Suspension 
Chamber 

I I 
I n n 

" 

droplets produced by t.he instability mere much smaller, FIGURE 18.-Expansion chamber. 
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FIGURE l!).-Unstnblc drop in supcrsatumtcd  air. 

say 2p in diameter.  The t w o  types of droplets were ensily 
distinguished one  from  the  other.  There are :I fe\\- tr:lcks 
o f  the large condensate  droplets  on the photograpll. 

The identification of the nucleating  products of tllc 
instability  requires some further  study, yet to  he c.ondltc*- 

ted. It appears,  however, thnt  they are molecular rather 
than  particulate since they produce droplets  only \\-hen 
nuclei from the air  are  present. If it, may be assnmed that 
the nucleat,ing products of t.he instability  carry  the c-harge 
lost by  the  unstable  drop,  they should then be ions. A 
remarkable  circumstance is that  the burst o f  condensate 
droplets occurred only 11nder norm:d n-ent>ller c*onditions 
\\-it11 :L breeze coming in from the sea, but i t  did not o(*cur 
I\-hen the wind  blew from the  desert.  This may indicate 
that the ions cause cwndensation together  with h'tlC1 only. 
One  may t,hen speculate that  the ions prodwe S O ,  the 
oxidation of which is catalyzed by NaCl and  ot,her chlor- 
ides. 

5. DISCUSSION 
The result that, tlr'/tlt is :I constant  throughout the 

period of normal  evaporat,ion h : ~  been foltnd by several 
invest,igators, e.g. [4, 9, 141. Similtw results  have been 
found for the exchange between II uxter  drop and its 
gaseous environment more generally [IO]. The  linearity of 
the plot of V'$ against t,ime was tdso found by Doyle, 
Moffet,t,, and  Vonnegut [2]. 

A closer inspection of the  data reveals that, in our case, 
these  relations hold only  as  averages  over  a sufficient 
period of time. This is indicated by  the  large  spread in the 
diameter values in figure 11 as compared  to  those  in figure 
10. The plots  in figures 12, 13, and 15 show more  or less 
pronounced steps or discontinuities.  These may  be com- 
pared  to those in figures 6 and O of the  path of a stable 
evaporating drop. All this evidence indicates that the 
evaporation of a stable charged drop occurs a t  least 
partially in the  form of bursts  under t,hese conditions. The 
fact  that  the drop loses charge  during the  evaporation  is 
indication of ejection of ions or charged droplets  since  the 
charge could not  be carried by molecules. 

The change in charge  during  evaporation  and  conden- 
sation  has been studied by Dubois [3] and Muhleisen [15]. 
Dubois used drops mounted on spiders' threads. The 
size of the  drop  changed slowly over it period of an hour 
or tw-o and  then  stopped.  The change in charge followed 
that in size. Muhleisen observed tt change in space  charge 
as :I result of drying or humidific,ation of a room. Muhlei- 
sen's experiments were checked by I h o p p  [13] and  Israel 
and I h o p p  [I 11, \vho measured t,he charge in a closed 
chamber  dnring ovaporat(ion of water.  They  found no 
change in charge. However,  they t.ook pains to exclude 
electric fields. It thus :Lppears that  the loss of charge in 
evaporation is observable  only in the presence of an 
electric field :IS in the  esperiments of ourselves, Dubois, 
and  Muhleisen. But  it  appears that even very weak 
fields, such as t,he ntmospheric field, suffice to  produce 
the effect,. It is possible, however, that  the electrification 
observed by  Dubois and Muhleisen could be caused by 
drying :md humidification of solids present,. 

Ev:Lporation by sl,*itts has also been observed 1~)- 
Kingdon [12]. His experiment8s did not distinguish be- 
tu-een :I spwt of v:~por  and t,he ejection of droplet,s, 
hon-ever. Ev:iporntion by  bursts  and explosions has been 
reported by Hickman  and 'I'revoy [8], Hickman [6], tlnd 
Hickman  and  Torpey [7] for various  liquids,  including 
water, in :I vacuum. 

The  rates of e\-aporatioa  listed in table 1 are of the 
same order o f  magnitude a s  those reported  by  other 
investigators, e.g., Houghton [0] for \\-atsex- tmd  Tcracke 
and Puckett [14] for hexadecane. The rat.es  reported  by 
Gokhale [4] :we lower by five or more orders of magnitude. 
Dubois [3] and Gudris and Kulikowt [5] reported com- 
parat,ively small rates of evaporation that did not follow 
the  same  rat>e  law,  and that gr:ldaally approached zero 
in an hour  or txo. 

In  the course of the  development of the suspension 
technique we encountered drops that evnporated com- 
partitively slowly and that may  be  comparable to those 
used by Dubois  and  by  Gudris  and  Kulikowa.  These 
drops did not lend themselves t,o the  study of the in- 
stability because it was too difficult. to  synchronize the 
camera \\-it11 the event,. No rate measurements were made 
11-ith these drops. The reason for the differences in rates 
of evaporation is not known. 
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The discontinuities observed in the  paths of the  drops 
are not, attributable to violation of the  stability con- 
ditions for the suspension. Drops of the size used in our 
experiments, 30-1OOp, then  fall out immediately.  Several 
successive instabilities could be  observed, and  the  drop 
still  remained  suspended  wit.hout adjustment of the 
suspension field. 

It is a  remarkable  fact  that  the  activation energy for 
t,he evaporation of mater drops  has  not been determined 
in the numerous  measurements of rates of evaporation 
reported in the  literatme.  Houghton [9] measured the 
rate of evaporation at  two t,emperntures, but he  corrected 
his data on the assumption  t8hnt  the  evaporation of the 
drop occurred by the snme mechanism and with the same 
activation  energy ns in the case of evaporation from the 
wet  bulb  thermometer used for the  determination of the 
humidity of the air. The activation energy found in our 
experiments is not  compatible  with  this  assumption. 

6. CONCLUSION 

The observations  reported in t’his paper as well as 
observations  report~ed  by other investigators show that, 
I\ water  drop may evnporat,e in sp11rt.s. The loss of charge in 
such n spurt, of evaporation or a t  nn instability shows 
that, ions or charged droplet,s  are  ejected. The  fact  that 
some species ejected by nn unstable  drop  nucleates con- 
densation  together  with  pnrticulate nuclei shows that this 
spec,ies  is  gnseous. If it may  be nssumed that  the gaseous 
species nlso carries the charge lost by the  unstable  drop, 
this species mnst, be some ion. The identification of the 
products of t’he inst,ability is the objectil-e of continued 
work. The activation enerm, 7.6 kcal./mole,  found for 
t’his type of evaporation  indicates that  the removnl of 
water molecules from the  drop is not  pnrt of the  rate- 
determining  step. 
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